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Recrystallized binary Mo-0.2 wt.% Si (Mo-0.68 at.% Si) and Mo-0.3 wt.% Si (Mo-1.0 at.% Si) alloys and
a ternary Mo-0.75 wt.% Si-0.14 wt.% B (Mo-2.5 at.% Si-1.2 at.% B) alloy were tested in uniaxial tension
as a function of temperature in vacuum and the results are compared to previous results on recrystal-
lized commercial purity (CP) Mo and a binary Mo-0.1 wt.% Si (Mo-0.34 at.% Si) solid solution alloy. Yield
strength increases with increasing Si content at all temperatures examined except at room temperature
where the 0.1 wt.% Si alloy demonstrates softening; atomistic simulation confirms this behavior to be
associated with Si segregation to the core and the associated ease of kink nucleation. Tensile ductility at
room temperature rapidly deteriorates with increasing Si content in solid solution but in the Mo-0.3 wt.%
Si solid solution alloy, tensile ductility of ~10% was measured at 300°C and thereafter, it increases rapidly
at higher temperatures. Serrated flow occurs in the temperature range 600°C~800°C with the serration
amplitude increasing with increasing Si content; atomistic simulation illustrates O trapping by Si in solid
solution and subsequent de-trapping/release at higher temperatures that can account for the onset tem-
perature delay of serrated flow in these Mo-Si solid solution alloys relative to commercial purity Mo. The
serrated flow phenomenon is accompanied by significant work hardening; the presence of dislocation
tangles, dipoles and prismatic loops in specimens fractured above > 700°C accounts for the observed

work hardening.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

For more than 70 years, aircraft engine propulsion has
been a driver for understanding, designing and processing high-
temperature structural materials. Such materials typically require
a balance of high temperature strength, creep, and oxidation re-
sistance and acceptable ambient temperature damage tolerance.
Ni-base superalloys have been the material of choice for rotat-
ing structural components in the hot section of the engine but
their melting temperature (~1400°C) limits their applications; ad-
vanced single-crystal airfoils that incorporate internal air-cooling
passages and the use of thermal-barrier coatings have nevertheless
enhanced their performance envelope [1-6]. Materials with higher
melting temperatures are therefore being sought for elevated tem-
perature applications in the aerospace industry beyond the capa-
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bility of Ni-base superalloys. Refractory metals and alloys, inter-
metallics and ceramic matrix composites are all being examined as
possible alternatives to nickel-based superalloys [7-11]. One fam-
ily of alloys that has received research attention over the past two
decades is the multiphase Mo-Si-B alloys composed of the MosSiB,
and MosSi intermetallic phases embedded in a bcc-Mo solid solu-
tion matrix [7,12-18]. More recently, Mo-Si-B-TiC alloys [19,20] and
Mo-Si-Ti eutectic and eutectoid alloys [21,22] are being explored as
well to obtain a balance in toughness, creep and oxidation resis-
tance within this family of alloys.

The mechanical properties of ternary multiphase Mo-Si-B alloys
have been examined by various research groups at low and high
temperatures [13,16,17,23-27]. These studies have shown that the
Mo solid solution phase can limit creep behavior and dictate low
temperature damage tolerance; furthermore, it has been shown
that B solubility in the solid solution phase is negligible at low
temperature and that it is the Si in solid solution that negatively
influences the tensile ductility and fracture toughness of the phase
[28]. Specifically, in powder-processed alloys that were HIPed and
then annealed to grain sizes in the range of 30-100 pm, grain
size dependence of ductility was marginal for the nominally pure
Mo compact as well as a binary Mo-0.1wt.% Si compact. The frac-
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Fig. 1. (a) The effect of temperature on the solubility limit of Si in Mo from data in the literature [30-36]; (b) inability of extended anneals at 800°C and 1200°C to relieve
matrix supersaturation of Si in Mo in a forged two-phase Mo-Si-B alloy composed of a supersaturated Mo-solid solution and the MosSiB, phase [37] but enabled after 240h

at 1600°C.

ture strain at room temperature for pure Mo was reported as 13%
whereas for the Mo-0.1wt.%Si, the corresponding number was 0%,
but was more than 20% at 260°C. More recently, the tensile re-
sponse of recrystallized pure Mo sheet and of as-extruded and an-
nealed ingot-metallurgy processed Mo-0.1 wt.% Si was reported at
room and elevated temperatures [29]. In this latter study, as in the
previous work of Sturm et al [28], solid solution softening was re-
ported for the annealed Mo-0.1wt.%Si at room temperature, but in
the as-extruded state as well as in the annealed state, contrary to
the previous report, tensile ductility was reported at room temper-
ature in the Mo-0.1 wt.%Si alloy (~10% in the as-extruded state and
>50% in the annealed state). Reasons for this large discrepancy be-
tween these two reports are not clear and warrant further studies.

Sturm et al [28] also examined two other alloys with higher
Si content (Mo-0.5 wt.%Si and Mo-1.0 wt.% Si) and reported a sig-
nificant increase in yield strength at room temperature with in-
creasing Si content and a steep rise in the brittle-to-ductile transi-
tion temperature as measured in terms of tensile fracture strain (a
fracture strain of 3.3% was reported at 816°C for the Mo-0.5 wt.%Si
alloy). It is worth noting that 0.5 wt.% Si and 1.0 wt.% Si trans-
late into 1.69 at.% Si and 3.34 at.% Si, and these may well be above
the solubility limit of Si in Mo at temperatures below 1200°C, the
supersaturation resulting from the high processing temperatures
adopted in that study (sintering at 1850°C, HIPing at 1500°C and
hydrogen annealing in the range 1800°C-2000°C). Thus, it is not
clear how alloys containing Si levels higher than 0.1 wt.% but less
than the solubility limit will respond. Further, it is surprising that
a small transition in Si content from 0.1 wt.%Si to 0.5 wt.%Si pro-
duces such a dramatic change in the ductile to brittle transition
temperature.

The solubility of Si in Mo has been examined by various investi-
gators and data from these investigations [30-36] have been com-
piled in Fig. 1a as a function of temperature. These data suggest
that below 1200°C, Si solubility in Mo is ~1 at.% (~0.3 wt.%) or less.
Furthermore, Jain and Kumar [37] reported on the supersaturation
of Si in the Mo solid solution phase in a two-phase Mo-Si-B alloy
resulting from high temperature processing, and the inability to re-
lieve the supersaturation after extended anneals (800°C for 700h
and 300h at 1200°C), reflecting the extremely sluggish kinetics.

However, a higher temperature anneal at 1600°C for 240h (Fig. 1b)
reduced the supersaturation to a value of ~2.5 at.% Si, commensu-
rate with the solubility curve depicted in Fig. 1a and emphasizing
the difficulty in eliminating supersaturation.

Thus, in order to understand the influence of Si in solid solution
in Mo on the mechanical properties of the solid solution phase, it
would be instructive to examine binary alloys where the Si con-
tent in Mo lies below 0.3 wt.% Si (1 at.% Si); furthermore, it would
also help to rationalize why there is so much of a difference in the
response recorded for the Mo-0.1 wt.% Si alloy in the two studies
[28,29] described above. This study addresses these issues through
a combination of experiments and simulations focusing on the me-
chanical behavior of three alloys containing 0.2 wt.% Si (0. 68 at.%
Si), 0.3 wt.% Si (1.0 at.% Si) and a ternary alloy, Mo-0.75 wt.% Si-
0.14 wt.% B (Mo-2.5 at.% Si-1.2 at.% B) in the recrystallized condi-
tion. The ternary alloy is supersaturated in Si and includes some
relatively coarse second-phase particles but serves to illustrate a
trend in properties. It is noted that the Si level in this ternary al-
loy lies between the values of 0.5 wt.% Si and 1.0 wt.%Si mentioned
above from the work of Sturm et al [28].

2. Experimental procedure

Extrusions of Mo-Si solid solution alloys with compositions of
Mo-0.2 wt.% Si and Mo-0.3 wt.% Si were produced at Pittsburgh
Materials Technology Inc. in Pittsburgh, PA (USA) as described be-
low. High purity powders of Mo, Si, and B were blended and first
arc-melted in a trough to produce an electrode in each instance.
An ingot of each alloy was then produced by double vacuum arc
remelting with dimensions of ~5 cm diameter and 15 cm length.
The ingots were sealed in Molybdenum cans and induction-heated
to 1550°C in an argon atmosphere, soaked for 10 minutes at tem-
perature and then hot-extruded using a high velocity Dynapak ex-
trusion press using a 4:1 reduction ratio. The usable portion of the
resulting extrusions was approximately 30 cm long. Wet chemical
analysis showed the carbon and oxygen levels in the Mo-0.2 wt.%
Si to be 0.005-0.006 wt.% and 0.002-0.003 wt.% respectively, while
the corresponding values were 0.003 wt.% and 0.002 wt.% in the
Mo-0.3 wt.% Si alloy.
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In addition, a third alloy with a target composition of Mo-0.9
wt.%Si-0.15 wt.%B that was produced at an earlier time, also at
Pittsburgh Materials Technology Inc. in Pittsburgh, PA (USA), using
parameters similar to those described above, was included in this
study. Chemical analysis of this extrusion yielded a composition of
Mo-0.75 wt.%Si-0.14 wt.%B and C and O concentrations of 0.001
wt.% and 0.002 wt.%, respectively. The marginally two-phase ex-
truded microstructure was composed of a supersaturated Mo solid
solution and ~5 vol.% of relatively coarse, second-phase particles.
The extruded microstructure was fully recrystallized with a grain
size of ~20 um and mechanical properties were obtained in this
state.

As-received samples for optical microscopy were electro-
discharge machined (EDM) and were mounted in conductive
copper-impregnated thermoset, ground using standard 240, 400,
600, and 800 grit abrasive discs and polished using 1 pm diamond
solution. The polished surface was electrolytically etched using a
solution of 10 g oxalic acid dissolved in 100 ml of distilled water at
5V for 1~2 s to reveal grain boundaries. The microstructures were
examined using an optical microscope and a LEO 1530VP scanning
electron microscope (SEM). Thin foils of Mo-Si solid solution al-
loys for transmission electron microscope (TEM) observations were
made from slices, which were ground to a thickness of 60~100 pm.
Disks, 3 mm in diameter, were mechanically punched out of these
thin slices. Final thinning and perforation of the foils were accom-
plished by a Tenupol twin-jet electropolisher using a solution of
125 mL sulfuric acid in 875 mL methanol at ~ -30°C and using 20
V. The samples were examined in a CM20 TEM operating at 200
kV.

Uniaxial tensile tests were performed using flat, dog-bone
shaped specimens with a gauge length of ~20 mm, a gauge width
of 1.8 mm, and thickness of 2 mm. These were electro-discharge
machined along the extrusion axis. Both flat surfaces of the tensile
specimens were ground and polished. The tensile tests on Mo-Si
solid solution alloys were performed in the temperature range of
20°C to 1000°C at a nominal strain rate of 5 x 10~4/s. The Mo-
Si-B solid solution alloy was tested in the temperature range of
400°C~1200°C at a nominal strain rate of 10-%/s; a few tests were
also conducted at 10~6/s. Room-temperature tests were conducted
in air whereas at higher temperatures, a Centorr furnace equipped
with tungsten mesh heating elements and a diffusion pump capa-
ble of generating a vacuum of ~1.33 x 10~3 Pa at the test temper-
atures was used. A tungsten-rhenium thermocouple was used to
measure the temperature in the furnace. All the tensile tests were
performed using grips machined from a TZM alloy. Tensile tests
were conducted generally in duplicate for the solid solution alloys
and all tests were taken to fracture. Deformed microstructure was
characterized by TEM using the approach described previously to
produce the electron-transparent specimens.

3. Experimental results
3.1. Microstructure

Representative optical micrographs for the as-extruded Mo-
0.3wt.%Si and Mo-0.2wt.%Si alloys are shown in Fig. 2a,b. The av-
erage grain size of the Mo-0.3wt.%Si alloy is ~80 um (Fig. 2a). In
contrast, the average grain size of the Mo-0.2wt.%Si alloy appears
to be around 10 pm (Fig. 2b) and in both alloys, the grains are
fairly equiaxed. It is somewhat surprising that the grain size in the
as-extruded material is finer in the more dilute alloy (as one might
expect more effective solute drag on grain boundaries inhibiting
grain growth) but as the processing was performed at Pittsburgh
Materials Technology Inc. we did not have direct oversight over
the processing parameters utilized including extrusion temperature
and strain rates.
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Fig. 2. Initial microstructure: (a) as-extruded Mo-0.3wt.%Si alloy, (b) as-extruded
Mo-0.2wt.%Si alloy, and (c) annealed (1600°C/4h) Mo-0.2wt.%Si alloy.

Heat treatments at 1400°C, 1500°C and 1600°C for 4 h were
conducted on the Mo-0.2wt.%Si alloy to grow the grains to a size
similar to that of the Mo-0.3wt.%Si alloy and this was achieved for
the 1600°C/4h treatment (Fig. 2c). Electron Backscatter Diffraction
(EBSD) images for both solid solution alloys confirmed random tex-
ture. Optical microscopy examination of the as-extruded Mo-0.75
wt.% Si-0.14 wt.% B alloy also confirmed a fully recrystallized mi-
crostructure with equiaxed grains of size ~20 pm (Fig. 3). The dark
particles in Fig. 3 were identified as T, particles based on SEM-EDX
analysis of the Mo-to-Si ratio (MosSiB,) as B is not detected; their
volume fraction was low (~5 vol.%) and these coarse particles were
aligned in the extrusion direction. Transmission electron micro-
scope (TEM) examination showed a low dislocation density in the
annealed Mo-0.2wt.%Si, as well as in the as-extruded Mo-0.3wt.%Si,
and Mo-0.75 wt.%Si-0.14 wt.%B alloys (Fig. 4a-c), and thus, the con-
tribution from previous work hardening resulting from the extru-
sion process can be excluded.

3.2. Tensile behavior

The tensile stress-strain curves for the annealed Mo-0.2wt.%Si
alloy obtained at different temperatures and at a nominal strain
rate of 5 x 104/s are shown in Fig. 5a. At room temperature, a dis-
tinct yield point of ~340 MPa was observed. The curve had a very
short stress plateau immediately after yielding followed by signif-
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Fig. 3. As-extruded microstructure of the Mo-0.75 wt.%Si-0.14 wt.%B “solid solu-
tion” alloy. The dark particles strung out in the extrusion direction (horizontal) were
identified as T2 (MosSiB,) particles.

icant work-hardening and a fracture strain of ~5%. At 300°C, the
yield strength was lowered by about 40% and a stress plateau im-
mediately after yielding is barely visible. The work-hardening rate
was still high, doubling in strength to a maximum prior to fail-
ure and accompanied by a plastic strain to failure of about 20%. At
700°C, both the yield strength and the work-hardening rate were
reduced and a stress plateau was not evident; however, serrated
flow is noted (as also at 800°C) and is accompanied by a visible
loss in ductility relative to that observed in the 500°C specimen.
At 1000°C, there was no distinct yield point and work-hardening
was negligible; the fracture strain at 1000°C was ~34%.

The tensile stress-strain curves for the Mo-0.3wt.%Si alloy are
provided in Fig. 5b. At room temperature, the material exhibits a
high yield strength (~390 MPa) and negligible plastic strain (~0.1-
0.2%) and therefore there is not an opportunity to discern a stress
plateau beyond yielding. At 300°C, the yield strength is lower, the
fracture strain increases to ~20%, and there is a short but clearly
visible stress plateau before conventional work hardening com-
mences. At 500°C, 700°C and 800°C, the yield strength is fur-
ther lowered relative to 300°C and the stress plateau persists, al-
though progressively less evident. The ductility increases to ~35%
at 500°C. At 700°C and 800°C, serrated flow is observed and the
work-hardening rate is comparable to the 300°C specimen; the
fracture strain decreases to about 28%. Compared with the curve
at 500°C, the 700°C and 800°C specimens show higher work hard-
ening rates and flow stresses and a relative loss in ductility. At
1000°C, there is no distinct yield point, the fracture strain is about
42%, and work-softening is noted, although early in the plastic de-
formation regime, work-hardening is observed. Such a transition
to work softening is usually related to thermally activated soften-
ing processes (such as dynamic recovery and/or recrystallization);
in this case, evidence is presented for dynamic recovery in Fig. 8e
in Section 3.3.
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Fig. 5. The uniaxial tensile stress-strain curves at a nominal strain rate of
5 x 10~4/s for various temperatures for (a) the annealed Mo-0.2wt.%Si alloy, and
(b) the Mo-0.3wt.%Si alloy. In (b), the X’ denotes fracture of the 300°C specimen.

The plastic portion of the tensile stress-strain curves for the
Mo-0.75 wt.%Si-0.14 wt.%B alloy in the temperature range 400°C-
1200°C, generated at a nominal strain rate of 1.0 x 10~%/s are pre-
sented in Fig. 63, b and d. In addition, the effect of testing at a
slower strain rate of 10~%/s on the tensile response at 700°C is
compared in Fig. 6¢. At and below 400°C, the specimens failed in a
brittle manner and so only the fracture stress at 400°C (~730 MPa)
is included in Fig. 6a.

Upper yield points of 560 MPa and 500 MPa followed by a sig-
nificant drop in stress to corresponding lower yield points of 440
MPa and 400 MPa are noted at 500°C and 600°C respectively. Im-

Fig. 4. Representative TEM micrographs illustrate low dislocation densities in the three alloys examined: (a) Mo-0.2wt.%Si, (b) Mo-0.3wt.%Si, and (c) Mo-0.75 wt.%Si-0.14

wt.%B.
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Fig. 6. The plastic portion of the uniaxial tensile stress-strain curves for the ternary Mo-0.75 wt.%Si-0.14 wt.%B alloy: (a) 400°C-600°C (104/s), (b) 700°C and 800°C (10-4/s),
(c) 700°C at 10~*#/s and 10-%/s, and (d) 800°C-1200°C (10~*/s). The 800°C curve is repeated in (d) as a baseline to illustrate the absence of pronounced serrations at 900°C

and higher.

mediately after the lower yield points, distinct yield plateaus are
observed, following which work hardening commences. At 600°C,
the flow curve illustrates serrated flow. A similar response is ob-
served in Fig. 6b at 700°C and 800°C with a plateau stress around
390 MPa followed by work-hardening. Serrated flow is also evident
at these temperatures and a loss in failure strain (~17%) relative to
that observed at 600°C (~22%) in Fig. 6a is observed. At the re-
duced strain rate of 10-/s at 700°C, serrated flow is more pro-
nounced and is accompanied by an increased strength, increased
work-hardening rate and reduced strain to fracture (Fig. 6¢). At
slower strain rates within the dynamic strain aging (DSA) regime,
opportunities present themselves for solute to effectively segregate
to forest dislocations and to transfer to mobile dislocations dur-
ing “waiting times” at obstacles, producing an increase in work-
hardening and a loss in elongation to failure [38-41].

At higher temperatures, the yield stress drops (~320 MPa at
1000°C, ~300 MPa at 1100°C and to ~100 MPa at 1200°C), the yield
plateau disappears, and the flow curves are not serrated (Fig. 6d).
There is a corresponding increase in fracture strain from about 23%
at 900°C to ~35% at 1200°C. In short, the early stage plastic defor-
mation instabilities observed (such as a stress plateau and serrated
flow) in the dilute alloys (0.2 wt.% Si and 0.3 wt.% Si) are exag-

gerated in this higher Si-containing alloy in the same temperature
range.

The variations in yield strength and tensile ductility for these
three alloys (Mo-0.2 wt.%Si, Mo-0.3 wt.%Si and Mo-0.75 wt.%Si-0.14
wt.%B) together with data for annealed commercial purity (CP) Mo
and a Mo-0.1 wt.%Si alloy annealed at 1600°C for 4h, both from
a previous study [29] are presented in Fig. 7a and b respectively.
Data for the annealed Mo-0.1 wt.%Si alloy were only available at
room temperature, 300°C and 700°C. At room temperature, the
Mo-0.1 wt.%Si alloy is softer than CP Mo and this was also pre-
viously noted by Sturm et al [28]. This effect is not observed at
elevated temperatures. Also, the softening effect is not observed
for higher Si levels at room temperature. For all other tempera-
tures examined and up to 1000°C, the yield strength at any given
temperature increases with increasing Si content. At 1200°C, the
strength drops precipitously for the ternary Mo-0.75 wt.%Si-0.14
wt.%B alloy. Both CP Mo and the binary Mo-0.1 wt.%Si alloy retain
good ductility at room temperature. However, for higher Si con-
tent, tensile ductility drops rapidly and is ~4 percent for the Mo-
0.2 wt.%Si at room temperature, while the Mo-0.3 wt.%Si and the
ternary Mo-0.75 wt.%Si-0.14 wt.%B alloys failed in a brittle man-
ner. At 300°C, both, the Mo-0.2 wt.%Si alloy and the Mo-0.3 wt.%Si
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Fig. 7. The effect of temperature on (a) yield strength and (b) tensile elongation for commercial purity (CP) Mo, binary Mo-0.1 wt.%Si, Mo-0.2 wt.%Si, Mo-0.3 wt.%Si and
ternary Mo-0.75 wt.%Si-0.14 wt.%B alloys. The data for CP Mo and Mo-0.1 wt.%Si were obtained from [29].

alloy exhibited significant plastic strain to failure (~20%). In con-
trast, the ternary alloy continued to fail in a brittle manner at this
temperature and only demonstrated ductile failure at 500°C with
a tensile elongation of ~7-8 percent. All three alloys examined in
this study showed further increases in ductility at 600°C before
showing some loss in ductility at 700°C and 800°C coincident with
serrated flow (This ductility loss is also seen in the Mo-0.1 wt.%Si
alloy by comparing the failure strain at 300°C with that at 700°C in
Fig. 7b, consistent with serrated flow at the latter temperature re-
ported in [29]). Beyond 800°C, ductility increased once again with
increasing temperature. It is evident that increasing the Si con-
tent in solid solution in the alloy progressively decreases ductility
at a given temperature and increases the brittle-to-ductile transi-
tion temperature. However, it is also worth noting that when the
Si content is 0.3 wt.% (around the solubility limit below 1200°C),
the ductility is ~20 percent at 300°C and does not drop below that
value for all higher temperatures examined.

3.3. Deformed microstructure

The post-deformed microstructures in the Mo-0.2 wt.%Si, Mo-
0.3 wt.%Si alloys and in the Mo-0.75 wt.%Si-0.14 wt.%B alloy were
examined by TEM to develop an appreciation for the effect of com-
position, temperature and strain on the dislocation structure evolu-
tion in these solid solution alloys. These three alloys displayed sev-
eral similar characteristics, with total strain accumulated and test
temperature being the primary factors that influenced the evolv-
ing dislocation arrangements. Thus, to keep redundancy to a min-
imum, representative bright field images were selected from these
three alloys examined at different temperatures and strain rates
and these are presented in Fig. 8a-f to illustrate some of these as-
pects.

Fig. 8a displays the dislocation configuration in a Mo-0.2wt.% Si
tensile specimen taken to fracture at the strain rate of 5 x 10~%/s
at room temperature. A defined cell structure had not fully de-
veloped after ~4% plastic strain; instead, loose dislocation tangles
were present amidst dislocation-free areas. At a higher test tem-
perature of 500°C, the fracture strain at the same strain rate for the
Mo-0.3 wt.%Si specimen was ~36% and the microstructure in the
foil mostly consisted of well-defined cell walls composed of dense
dislocation tangles; the cell size was ~0.7 um and the cell interiors
were fairly dislocation-free (Fig. 8b). A similar microstructure was

also observed in the Mo-0.2 wt.%Si alloy after a comparable strain
at this temperature.

The Mo-0.75 wt.%Si-0.14 wt.%B specimen tested at 700°C/10~6
s~1 (Fig. 8 c,d) was one that fell within the DSA regime and ex-
hibited pronounced DSA effects (Fig. 6¢) and a fracture strain of
~4-5%. In this specimen, a dislocation cell structure is not present
but a significant level of pinning and bowing of dislocations is ev-
ident. It is noted that these pinning points are free of any precip-
itate, implying that pinning is either due to solute atom clusters
or unit/superjogs. A large number of dislocation dipoles were ob-
served and confirmed through g analysis (white dashed circle in
Fig. 8 c¢,d is one example). In the +g analysis, a change in the dis-
tance between the parallel segments of the dislocations on revers-
ing the g vector verifies the presence of a dislocation dipole.

When the test temperature was increased to 1000°C, at the
nominal strain rate of 104 s~!, the strain to failure increased
(>20% for the ternary alloy and >30% for the 0.2 wt.%Si and 0.3
wt.%Si alloys), and in general, well-developed subgrains were ob-
served, indicative of dynamic recovery; an example is shown in
Fig. 8e for the Mo-0.3 wt.%Si alloy that experienced ~40% frac-
ture strain. In addition, in these solid solution alloys, dislocation
loops 50 to 120 nm in diameter were observed in the specimens
deformed in the temperature range 700°C-1000°C. An example of
these is illustrated in Fig. 8f corresponding to the Mo-0.2wt.%Si al-
loy deformed at 1000°C at a strain rate of 5 x 10~%/s and after
experiencing 33% plastic strain to failure.

A diffraction analysis was performed to understand the charac-
ter of these dislocation loops. A reference two-beam bright field
image of such loops in a deformed Mo-0.75 wt.%Si-0.14 wt.%B
specimen (1000°C, 10~% s~1) and obtained using g = [200] is
shown in Fig. 9a (labeled 1, 4 and 5). A g.b analysis was performed
using additional g vectors (Fig. 9b-e) that provided invisibility con-
ditions (Fig. 9b-d) to verify that the loops marked 1, 4 and 5 in
Fig 9a have a Burgers vector of % [111]. The specimen was tilted
until the plane containing loop 1 was almost vertical and was im-
aged in a two-beam condition using the g vector 111. As seen, the
g vector is perpendicular to the loop suggesting the loop lies on
the (111). This implies that the Burgers vector of loop 1 is perpen-
dicular to the plane on which it lies, and therefore it is a prismatic
loop. Dislocation 2 has a Burgers vector of 4 [111], while for dislo-
cation 3, it is % [111].
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Fig. 8. (a) Annealed Mo-0.2wt.%Si deformed at the strain rate of 5 x 107%/s at room temperature (4% strain), (b) Mo-0.3wt.%Si deformed at 500°C/5 x 10~%/s (36%
strain), (c,d) 700°C/10-¢ s=! (g analysis) to confirm the presence of dislocation dipoles (dashed circle) in Mo-0.75 wt.% Si-0.14 wt.% B, (e) Mo-0.3wt.%Si deformed at
1000°C/5 x 10~*/s (40% strain) and (f) Mo-0.2wt.%Si deformed at 1000°C/5 x 10~*/s (33% strain). Regions enclosed by the white rectangles show an elongated dislocation

loop and an elliptical loop that appears to have pinched off from a dislocation segment.

4. Simulation method

We performed first principle denisty functional theory (DFT)
calculations using the Vienna ab initio simulation package (VASP).
These calculations used projector augmented wave method (PAW)
[42,43] with the Perdew-Burke-Ernzerhof (PBE) Generalized Gradi-
ent Approximation (GGA) [44] for exchange-correlation. The PAW
potential adopted in this work explicitly treats 14, 4 and 6 valence
electrons respectively for Mo, Si and O atoms. A plain wave cut-
off energy of 400 eV was used in all calculations. The 270 atoms
supercell containing a screw dislocation dipole with a length of
2b, where b is the Burgers vector length in the 1/2[1 1 1] di-
rection as shown in Fig. 10a, is used to calculate the dislocation
core structure in Mo-Si alloys. The atoms positions are initially de-
formed according to the displacement field of screw dislocations
calculated using anisotropic elasticity [45] and subsequently fully
relaxed with conjugate gradient algorithm until the forces are less
than 1 meV/A. Brillouin zone integrations were performed by using
a Monkhorst-Pack scheme with 1 x 2 x 8 k-points mesh, where

the third direction is along the dislocation line. Similar set up has
been widely used to calculate the dislocation core structure in BCC
metals [46,47]. The 128 atoms bulk supercell as shown in Fig. 12a
is adopted to calculate the Si and O aggregation in bulk Mo and
a4 x 4 x 4 k-points mesh is used to provide sufficient conver-
gence for the energy calculations. A substitutional Si atom is in-
troduced to the bulk Mo supercell and interstitial O atoms are
inserted around the Si atom. All atom positions are fully relaxed
with conjugate gradient algorithm until the forces are less than 1
meV/A.

5. Simulation results
5.1. Dislocation core structure

The differential displacement map in Fig. 10a shows the screw
dislocation core structure in pure Mo. The calculated easy core
structure with three-fold symmetry is consistent with previous cal-
culations [46,48]. In Mo-Si alloys, Si atoms are believed to occupy
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Fig. 9. Dislocation loops in the 1000°C/10~* s~ deformed Mo-0.75 wt.%Si-0.14 wt.%B specimen: (a) dislocation loops show sharp contrast for g = 200, whereas they are
invisible in (b-d) for g = 011, g = 121, and g = 110. In (e), the loops are visible, but dislocation marked 2 is invisible as well as in (b). In (f), loop 1 is titled edge-on and

the g vector 111 is perpendicular to the plane of the loop.

only the substitutional sites due to their similar atomic radius to
Mo atoms. To study the effects of Si on dislocation core structure,
a substitutional Si atom is subsequently inserted into the supercell
and separated from its image atoms along the Z direction by 2b
to avoid strong solute-solute interactions. It is found that the most
energetically favorable configuration is the one where the inserted
Si atom stays at the dislocation core center as shown in Fig. 10b.
The solute-dislocation interaction energy is defined as the energy
difference between the configurations that Si is in and when it
is infinitely separated from the dislocation core and is calculated
as -0.56 eV, indicating strong attraction between substitutional Si
atoms and screw dislocation cores. The solute-dislocation interac-
tion energy decreases to -0.05 eV as the inserted Si atom moves
5.4 A away from the core center (4t nearest neighbor in (1 1 1)
plane). This supports the previous experimental observation of Si
segregation to dislocation cores in Mo-Si alloys [24]. The differen-
tial displacement map in Fig. 10b shows the same three-fold easy
core structure as the pure Mo case, suggesting that no substantial
change in core structure is associated with Si solute atoms being
present in the core.

Oxygen is often present in Mo in hundreds of ppm, and while
the majority is thought to segregate to grain boundaries [49,50],
some part of it can remain as interstitial solid solution in the ma-

trix and influence flow behavior. Interplay between interstitial O
atoms and the screw dislocation core in Mo was next examined
by inserting an oxygen atom in the nearest interstitial sites at the
dislocation core. This causes the original compact easy-core struc-
ture to change to a new hard-core structure after relaxation as
shown in Fig. 10c. This solute-induced core structure change has
been reported in other BCC materials and is attributed to the large
Voronoi volume of the interstitial prism site inside the hard core
[51]. The oxygen-dislocation core interaction energy in Mo is cal-
culated as -1.66 eV, suggesting strong attraction between O atoms
and screw dislocations. This interaction energy in Mo is similar to
the oxygen-dislocation interaction energy reported in the W-O sys-
tem calculated from DFT where the interaction was examined in
the context of serrated flow occurring when the solute and dislo-
cation had comparable mobilities [52].

5.2. Solute softening and hardening

Solute-induced softening and hardening in Mo have been pre-
viously discussed within the context of thermally activated mo-
tion of dislocations by double-kink nucleation and kink migration
[53]. The strong and relatively long-range attraction between Si
and the screw dislocation core noted in this study can modify the
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Fig. 10. (a) screw dislocation dipole model and differential displacement map for equilibrated pure BCC molybdenum. The red dots represent the location of dislocation
cores. (b) Close-up view of the equilibrated easy core structure after Si substitution. (c) Close-up view of the equilibrated hard-core structure with interstitial oxygen. The
blue dot represents the location of the center of original easy core. The red dot represents the center of the equilibrated hard core. Mo, Si and O atoms are blue, orange, and

black.

energy scale of kink nucleation and lead to solute softening at low
Si concentration as reported previously in the Mo-0.1 wt.%Si alloy
at room temperature [28,29]. For higher Si solute concentration or
higher temperature, kink migration could become the rate-limiting
process and outweigh the softening effects from double kink nu-
cleation, resulting in solute hardening in the Mo-Si alloys.

To determine if this is indeed the case, we have implemented a
solid solution model for Mo-Si alloys where the applied stress o is
related to the strain rate ¢ through the Orowan equation [53],

¢ =0.940p (2" + ;") 1)

where b is the length of burger vector, p is the mobile dislocation
density which is set at 103 cm~2 in the model, , is the double
kink nucleation rate and €2 is the kink migration rate. €2, and
Qm are expressed as functions of applied stress o and solute con-
centration c,

Q= vdkexp(—M‘;g(Ta’c)> ((1 —C)+c- exp(—E”,l(tB(TG))) (2)

(3)

AHy, (o, c
Q= vDexp(—kl;"B(T)>

where vy, and vp are prefactors for double kink nucleation and
kink migration, AHy (o, c) is the nucleation energy barrier, Ej;, (o)
is the solute-dislocation interaction energy which is used here to
account for the solute-induced change of energy scale for kink nu-
cleation, AH,,,(o,c) is the migration energy barrier which equals
to zero when Si concentration is zero and increases proportion-
ally with /¢ |Ej,|. The detailed expressions for AHg (o, ¢), Ejpe (07)
and AH,,,(o,c) can be found in [53]. For a given combination of
solute concentration c, temperature T and loading rate €, the stress
o can be obtained by solving the nonlinear Eq. (1). Model param-
eters for Mo alloys from [53] have been recalibrated to match the
experimental data for yield strength of pure Mo in the temperature
range of 300 K-500 K presented in Fig. 7a. The calculated solute-
dislocation interaction energy of -0.56 eV from first principle need
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Fig. 11. Yield strength versus Si concentration for Mo-Si alloys deformed at room
temperature at a constant strain rate of 5 x 10~4 s~'. Experimental data were ex-
tracted from Fig. 7a.

be scaled as discussed in [54] because the solute-dislocation in-
teraction in the above solid-solution model is short-ranged while
in the first principle calculations, the effects of solute will extend
over several lattice sites. A scaling factor of 0.8 is found to match
the modeling results and the experimental data well as shown in
Fig. 11 where we predict the flow stress for the Mo-Si alloys with
Si concentration ranging from O to 0.5 wt.% deformed at room tem-
perature and with a constant strain rate of 5 x 10~4/s. The current
solid-solution model could successfully capture the transition from
solute softening in Mo-0.1 wt.%Si to solute hardening in Mo-0.3
wt.%Si as observed in the experiments. In other high temperature
tests for the Mo-Si alloys presented in this study, thermal activa-
tion can enable the motion of the screw components, both on the
primary glide plane and by cross slip. Further study is required to
incorporate more deformation mechanisms into the current solid-
solution model to correctly capture the higher temperature behav-
ior of Mo-Si alloys.
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Fig. 12. Trapping of (a) one and (b) six oxygen atoms around a substitutional Si in
a 128 atoms bulk BCC molybdenum supercell. (c) Fraction of oxygen atoms trapped
around Si versus temperature in equilibrium state given different average Si-O trap-
ping energy E;.

5.3. Si-O interaction in the Mo-Si solid solution

Serrated flow was reported in commercial purity Mo previously
in the temperature range 25°C to 500°C [55] although tests were
not conducted in [55] above 500°C. An early study reported ser-
rated flow in arc-cast Mo at temperatures as high as 700°C and
800°C [56] and claimed multiple regimes were present and at-
tributed them to different interstitial solutes (H, C, N and O) inter-
acting and pinning dislocations. Subsequently, Nemat-Nasser and
coworkers [57] similarly claimed at least two temperature regimes
in commercial purity Mo where dynamic strain aging was noted
in tests conducted at a strain rate of 103 s~!, and these were at-
tributed to two different solutes (unspecified) interacting with dis-
locations. There is also another early report [58] that has specif-
ically examined the role of oxygen in causing strain aging in Mo
using internal friction studies. Lastly, the interaction of low lev-
els of oxygen in tungsten (an element similar in characteristics to
Mo) with screw dislocations and producing serrated flow has been
studied recently by Zhao et al. [52,59].

In this study, in the Mo-0.2 wt.%Si and 0.3 wt.% Si binary alloys
as well as in the ternary Mo-0.75 wt.%Si-0.14 wt.%B, serrated flow
was only observed in the temperature range of 600°C-800°C and
this corresponds to the high-end of the temperature range where
serrated flow has been reported for commercial purity Mo. These
results together with previous findings reported above prompted
us to examine the role of oxygen in a Mo-Si solid solution in in-
fluencing the plastic flow response; specifically, in this section, we
examine the nature of Si-O interaction in a Mo-Si solid solution
to determine if insights can be gained to rationalize the shift to
higher temperatures of the serrated flow behavior in Mo-Si alloys
relative to commercially pure Mo.

Si (substitutional) and O (interstitial) atoms are both inserted
in the bulk Mo crystal as shown in Fig. 12a, b. The inserted Si and
O atoms tend to form stable bonded structure where Si has pos-
itive net atomic charge and O has negative net atomic charge. O
and Si interaction energy is defined as the energy difference be-
tween the condition that O atom is close to or infinitely far away
from the inserted Si atom in the Mo crystal. The first inserted O
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atom as shown in Fig. 12a has an interaction energy of -0.82 eV,
indicating strong attraction between Si and O atoms. This strong
attraction only appears to be short-range in nature and diminishes
quickly to zero as the O atom moves away from the nearest in-
terstitial sites from the Si. From the DFT calculations, we find one
Si atom can effectively trap multiple O atoms, as shown in Fig. 12b
where six O atoms are bound around the Si, forming a SiOg octahe-
dron. This suggests possible segregation of O atoms around the Si
atoms in solid solution in Mo in these Mo-Si alloys. Similar solute
trapping phenomena have been studied in the context of hydro-
gen in steels where point and line defects, or precipitate interfaces
locally trap hydrogen atoms and decrease the supply of diffusive
hydrogen in the material, thereby reducing hydrogen susceptibil-
ity [60-63]. Thus, the increased temperature range for the onset of
serrated flow is attributed to the trapping of O atoms by Si solute,
reducing the diffusive O atoms available for DSA. As the tempera-
ture increases, O atoms separate from Si and interact with moving
dislocations causing the onset of serrated flow.

With the O-Si interaction energy from DFT calculations, the
equilibrium partition of O atoms between Si trap sites and Mo ma-
trix can be derived from thermodynamic principles. The percent-
age of oxygen in trap sites at a given temperature is calculated as
[64]:

(4)

ne n Et
N[ — Nt - N[ —n exp<_ kBT)
where n; and n; are the number of solute atoms in trap sites and
lattice interstitial sites in the equilibrium state, N; and N, are the
available number of trap sites and lattice interstitial sites in the
material, E; is the interaction energy between the solute and the
trap sites, kg is the Boltzmann’s constant and T is the temper-
ature. This model considers two possible solute occupation sites,
trap sites and lattice interstitial sites, ignoring the effects of other
microstructural features like grain boundary, dislocations and pre-
cipitates, and it assumes the solute distribution has reached an
equilibrium state. The number of available trap sites has also been
assumed to be equal to the number of solutes for simplicity and is
set at 0.3% in all the calculations. The model gives the change in
solute partition as a function of temperature and is used to evalu-
ate the delay in DSA due to the trapping of O atoms. The fraction
of O atoms in Si trap sites at different temperatures is shown in
Fig. 12c by assuming three different average solute trapping ener-
gies. These three energies are between the highest and lowest Si-O
interaction energies obtained from the first-principles calculations
by sequentially inserting O atoms into the interstitial sites around
one Si atom. It is seen that the stable Si-O structure is strongly
bound at 200°C - 300°C for all solute trapping energies used in
the model and almost all the O atoms are still trapped by the Si
solutes. The lack of diffusive O atoms and thus reduced oxygen-
dislocation interaction rationalizes the suppression of serrated flow
in Mo-Si alloys in the temperature range where DSA is observed in
commercially pure Mo. As the temperature increases to 700°C and
above, the Si-O complexes dissociate, and the O atoms released
from the trap sites become available for interaction with moving
dislocations. This agrees reasonably well with the experimentally
observed 600°C temperature for the onset of serrated flow. At even
higher temperatures, oxygen diffusivity would be too high to en-
able DSA at the strain rates in the experiments and serrated flow
disappears.

Carbon is an interstitial in Mo and is also present in these al-
loys in levels comparable to oxygen and is expected to modify the
screw dislocation core configuration in a similar manner to oxygen
[51]. DFT calculations showed however that the interaction energy
between Si and C is -0.71 eV while the interaction energy between
Si and O as shown above is -0.82 eV. More importantly, while Si
can trap six interstitial O atoms in the nearest neighbor sites as
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shown in Fig. 12b, even the insertion of a second interstitial C
atom around Si is found to be energetically unfavorable. These cal-
culations show that Si induces much larger trapping effects on O
atoms than it does on C atoms. Also, to fully understand the effects
of C on serrated flow, we need C diffusivity data in dilute Mo-C al-
loys in the temperature range of interest. Unfortunately, there is no
clear agreement on these data in the literature [65] to even provide
a semi-quantitative assessment.

6. Discussion

6.1. Effect of Si level and temperature on yield strength and tensile
elongation

The grains in the as-extruded Mo-0.2wt.%Si, Mo-0.3wt.%Si, and
Mo-0.75 wt.%Si-0.14 wt.%B alloys were equiaxed (Fig. 2a,b and
Fig. 3) and their dislocation densities were low (Fig. 4), indicating
a recrystallized microstructure; this implies that the contribution
of a high initial dislocation density on yield stress, arising from a
worked structure, can be ruled out. However, the as-extruded grain
size of the Mo-0.2 wt.%Si alloy (Fig. 2b) was much smaller (~10
pm) than that of the Mo-0.3 wt.%Si alloy (Fig. 2a; ~80 pm). To iso-
late the effect of solid solution hardening arising from a difference
in Si level, the grain size contribution to yield strength needs to be
removed. After the Mo-0.2 wt.%Si alloy was suitably annealed, its
grain size increased to ~100 pm (Fig. 2¢). Both alloys had compa-
rable interstitial levels. Therefore, the mechanical properties of the
annealed Mo-0.2 wt.%Si and the as-extruded Mo-0.3 wt.%Si alloys
can be directly compared to understand the role of Si solute in af-
fecting the mechanical response of the solid solution alloy, particu-
larly strength, ductility, and work hardening rate. Silicon is consid-
ered a substitutional solute species in Mo, producing local elastic
strains that arises from differences in atomic size and this factor
is at least partially responsible for the low solubility of Si in Mo.
We note here that an aspect of microstructure that was not exam-
ined but could contribute to tensile properties are differences in
the distribution of grain boundary misorientations in these solid
solution alloys, particularly when deformation mechanisms depen-
dent on grain-boundary-mediated processes (for example, defor-
mation twinning at lower temperatures or grain boundary sliding
at higher temperatures) dominate. Neither of these mechanisms
was observed in this study.

The variation in yield strength in uniaxial tension at room tem-
perature (~0.1 Tr,) for Mo-Si solid solution alloys with Si content
is seen in Fig. 11 where a comparison of the experimental data for
the commercially pure Mo, Mo-0.1 wt.%Si (from [29,55]), Mo-0.2
wt.%Si, and Mo-0.3 wt.%Si alloys with our modified solid-solution
model is presented. Solid solution softening of Mo by dilute levels
of substitutional solutes (Re and Pt) that was previously reported
in [53] and attributed to easing double kink nucleation without
hindering kink migration has been extended in this study to the
flow behavior of dilute Mo-Si solid solutions.

At higher temperatures, additional deformation mechanisms
that are thermally activated need to be incorporated in the model
to predict flow behavior as seen in the experimental results in
Fig. 7a, where the yield strength for each material (CP Mo, Mo-
0.1 wt.%Si, Mo-0.2 wt.%Si, Mo-0.3 wt.%Si) is high at room tem-
perature but then drops sharply with increasing temperature up
to 300°C~500°C, beyond which it decreased more gradually with
temperature. Lastly, the yield stress at ~500°C (~0.25 Ty,) is signif-
icantly higher for the Mo-0.3 wt.% Si solid solution alloy compared
to CP Mo, attesting to the potency of Si as a significant solid solu-
tion hardener of Mo (~ 75 MPa for CP Mo and ~ 300 MPa for the
binary Mo-0.3 wt.%Si solid solution alloy).

At room temperature, increasing the Si level from 0.1 wt% to
0.2 wt.% to 0.3 wt.% leads to a rapid decrease in ductility (Fig. 7b).
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In fact, ductility decreased with increasing Si level at all temper-
atures examined. Nevertheless, even the 0.3 wt.%Si solid solution
alloy displayed ~20% ductility at 300°C (as mentioned earlier, 0.3
wt.%Si (~1 at% Si) represents the maximum solubility of Si in Mo
at 1200°C, and thus it is anticipated that at 300°C, it is some-
what lower; the equilibrium solubility of Si in Mo at 300°C is not
well established) which is encouraging as it promises the ability to
blunt cracks in multiphase alloys. The Mo-0.75 wt.%Si-0.14 wt.%B
was brittle up to and at 400°C, implying that significant Si supersat-
uration in the Mo solid solution can be deleterious to the mechan-
ical properties of multiphase Mo-Si-B alloys at low temperatures.

The ternary Mo-0.75 wt.%Si-0.14 wt.%B alloy displays higher
yield strength, a higher tensile brittle-to-ductile transition temper-
ature and lower ductility than the binary Mo-Si alloys in the tem-
perature interval from 500°C to 1000°C. It is thought that B solubil-
ity in the Mo solid solution is negligible and even if present in su-
persaturation, is likely segregated to the grain boundaries [12,66].
Thus, the higher yield strength is thought to be a consequence of
i) the finer grain size (~20 um versus ~80-100 um for the Mo-
Si alloys), but more importantly, ii) Si supersaturation that results
from the high-temperature soak at 1550°C prior to hot-extrusion
that could not be subsequently relieved. EDX and EPMA analysis
of the matrix solid solution phase confirmed a Si level of ~1.3-
1.4 at.% and being as high as 1.7 at.%, that is higher than those in
the binary alloys As mentioned previously, it is necessary to go to
high temperatures, of the order of 1500°C to 1600°C for extended
times (days to weeks) to relieve supersaturation but unfortunately,
at these temperatures, the equilibrium solubility is of the order of
~1.5-1.8 at.% Si (Fig. 1). This higher Si level results in a strength
increase and a concomitant ductility loss. Lastly, we cannot dis-
count the fact that the low volume fraction of the coarse particles
of the T, phase in the microstructure could aggravate the situation
by providing crack nucleation sites.

6.2. Yield points, serrated flow, and yield stress and work-hardening
loss with temperature

The presence of upper and lower yield points and an initial
stress plateau at the lower yield point on the tensile stress-strain
curves of the Mo-0.2 wt.%Si, the Mo-0.3 wt.%Si and the Mo-0.75
wt.%Si-0.14 wt.%B alloys at increasing temperatures with progres-
sively increasing Si content implies that there is an influence of Si
in solid solution on this phenomenon. Manifestation of upper and
lower yield points is associated with the absence of a high initial
mobile dislocation density and is related to i) the annealing step
that was performed to reduce the dislocation content in the alloys
prior to testing, and ii) pinning of residual dislocations by segre-
gated solutes (O and Si) occurring during the annealing step. Our
DFT calculations confirm the strong attraction of Si and O to the
screw dislocation core in Mo, but while the Si does not substan-
tially change the core structure, O modifies the screw dislocation
core from an “easy-core” to a “hard-core” configuration. These ob-
servations are in accordance with a more general pattern of be-
havior of screw dislocations in BCC metals. For example, in bcc Fe,
computations have revealed that substitutional Si is attracted to
the core of the screw dislocation; once there, it influences both,
kink nucleation and kink migration energies [67]. This has a pro-
found effect on the mobility of screw dislocations, including creat-
ing a high density of jogs from cross-kink collisions and suppress-
ing cross slip. Similarly, it has also been shown using ab initio cal-
culations that interstitials (C, N, O) tend to segregate to the core
of the screw dislocation in bcc Fe and transform the core from an
“easy core” to a “hard core” configuration, thereby increasing the
Peierls stress [51]. A strong short-range interaction was also noted
in bcc W between O atoms and a screw dislocation, with an as-
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Fig. 13. Deformed microstructure in the Mo-0.75 wt.%Si-0.14 wt.%B specimens: (a,b) 800°C/10~* s=! and (c) 700°C/10- s~'. (a,b) provide a pair of bright field TEM images
satisfying the +g/-g condition for a one-end-closed dipole (dashed white ovals). In (c), a row of fine loops is circled using white dashed lines and may have arisen from the

pinching-off of a dipole.

sociated propensity for core reconstruction from an easy core to a
hard core [52,59].

Serrated flow in these solid solution alloys is a manifestation of
dynamic strain aging. Serrated flow was recently reported in com-
mercially pure Mo in the 25°C to the 500°C range [55] and early
reports found serrated flow at higher temperatures as well [56,68];
its presence was argued to arise from dislocation interaction with
interstitial atoms (C, N and O). In the Mo-Si and Mo-Si-B alloys
examined in this study, serrated flow was only observed in the
higher temperature range of 600°C-800°C. Our calculations reveal
a strong short-range interaction between Si and O in the matrix,
with one Si atom being able to trap six O atoms. Using the ob-
tained interaction energy, thermodynamic calculations reveal that
a significant fraction of the trapped O is released and made avail-
able to interact with dislocations in the temperature range where
serrated flow is observed in these alloys.

The work-hardening behavior of bcc metals at low homolo-
gous temperatures is not as well-understood as for fcc metals. The
non-planar core structure of screw dislocations in the bcc struc-
ture makes glide difficult and the motion of these straight disloca-
tions depends on the repeated nucleation and motion of kink pairs
[69,70], thus producing a thermally activated flow response in this
temperature regime. However, as pointed out recently [70] in the
context of work-hardening mechanisms in bcc metals, the specifics
of interactions of forest dislocations with mobile dislocations need
more research attention. Thus, it was shown in [71] that a mobile
screw dislocation could produce a repulsive junction with a forest
screw dislocation and the resulting internal stress could produce
coupled motion of the pair of screw dislocations; when present
in sufficient numbers, this mechanism could serve to reduce the
work-hardening rate. Presumably, the apriori segregation of inter-
stitial solute to the forest screw dislocation and modifying it to a
hard core, or dynamically to the mobile screw could adversely af-
fect this mechanism and offset the work-softening it could other-
wise enable and reduce ductility.

At higher temperatures, thermally activated cross slip of screw
dislocations can assist with the reduction in the work-hardening
rate. Dislocation loops were observed in the specimens deformed
at elevated temperatures (700°C-1000°C; Fig. 8f and Fig. 9) and
were confirmed to be prismatic in character with a Burgers vec-
tor of '4[111]; such a Burgers vector (in magnitude and direction)
corresponds to that for a glide dislocation in the bcc structure.
In this temperature range (0.33 Ty - 0.44 Tp), the strength of
these alloys gradually decreases (Fig. 7a), implying that thermally
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activated processes such as cross-slip and climb become increas-
ingly active. Prismatic loops can result from the pinching-off of
dipoles that are created in the structure during plastic deforma-
tion. Specifically, when a screw dislocation i) cross slips, or ii) is
intersected multiple times by other dislocations moving on non-
parallel planes, or iii) repeatedly intersects forest dislocations, the
screw dislocation can acquire superjogs along its length. These su-
perjogs can pin the screw dislocation and in the process, lay out
edge dipoles; such edge dipoles are usually one-end-closed and
an example is presented in Fig. 13a,b (highlighted using a white
dashed oval) for a +g/-g pair obtained from a Mo-0.75 wt.%Si-0.14
wt.%B specimen deformed at 800°C/10~4 s~1. Such edge dipoles
can pinch off either due to thermally activated cross slip of the
screw components (especially in bcc metals and alloys) or due to
climb of the edge dislocations forming the dipole, resulting in a
prismatic loop. This loop may initially be elongated but then be-
comes circular, or alternately, breaks into a row of smaller loops
(an example is seen in Fig. 13c and was obtained from a specimen
deformed at 700°C/10-6 s—1). These dislocation configurations and
how they may have evolved support the above notion of thermally
activated processes gaining prominence at these temperatures and
accounting for a gradual decay in yield strength.

At temperatures in excess of 1000°C, the yield strength drops
off precipitously (Fig. 6d and Fig. 7a) from ~325 MPa at 1000°C
and 1100°C to about 125 MPa at 1200°C for the ternary Mo-Si-
B alloy and an examination of Fig. 6d shows that work softening
accompanies the flow behavior from the very early stages of de-
formation at both 1000°C and 1200°C, clearly illustrating the influ-
ence of dynamic recovery on the flow behavior. An example of a
dynamically recovered microstructure is shown in Fig. 8e for the
Mo-0.3wt.%Si alloy deformed at 1000°C/5 x 10~* s~ and the cor-
responding stress-strain curve illustrating work softening is seen
Fig. 5b.

7. Conclusions

We have reported on the tensile response obtained at quasi-
static strain rates over a range of temperatures of three Mo-based
dilute solid solution alloys, Mo-0.2 wt.%Si, M0-0.3 wt.%Si and a
ternary Mo-0.75 wt.%Si-0.14 wt.%B. The findings have been coupled
with our previous results on commercially pure Mo and a binary
Mo-0.1wt.% Si alloy to provide a more complete picture of the ef-
fect of Si in solid solution on yield strength, ductility, and plas-
tic flow behavior (serrated flow). Simulations were performed to
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understand (i) the influence of Si and O on the screw dislocation
core structure, (ii) the origin of solid solution softening followed
by hardening with increasing Si content, and (iii) the attractive Si-
O interaction and how it might postpone serrated flow to higher
temperatures. Deformed microstructures have been examined and
dislocation configurations were characterized to rationalize the ob-
served mechanical response.

1 A dilute level of 0.1 wt% Si in solid solution in Mo softens
it, lowering the yield strength and increasing the ductility at
room temperature whereas at higher Si levels, solid solution
hardening is observed. Simulations confirm this trend and the
response is attributed to ease of kink nucleation transitioning
to inhibiting kink migration with increasing Si content. At el-
evated temperatures, thermally activated processes assist dislo-
cation activity and for all Si levels examined, only solid solution
hardening is observed.

2 Although Si is attracted to the core of the screw dislocation it
does not appreciably modify it; however, oxygen segregation to
the core changes it from an “easy-core” to a “hard-core” config-
uration.

3 In the binary Mo-0.3 wt.% Si alloy, significant solid solution
hardening of Mo by Si is maintained all the way up to 800°C
beyond which yield strength decreases. Tensile ductility is zero
at room temperature but at 300°C, it is ~20% and reaches ~35%
at 400°C and 500°C;

4 Serrated flow is prominent in the 600°C-800°C regime in the
three alloys examined in this study but not at lower temper-
atures unlike in commercial purity Mo where serrated flow is
observed even at room temperature. Simulations show that this
delay in the onset of serrated flow as well as the increase in
serration amplitude with Si content are due to Si trapping O in
the grains; in the temperature regime where serrated flow is
observed, a significant fraction of the O atoms is released (de-
trapping) and becomes available to diffuse and pin dislocations
repeatedly.

5 In the temperature regime where dynamic strain aging was ob-
served and accompanied by significant work hardening, the de-
formed microstructure illustrated evidence for significant dis-
location pinning and bowing with the frequent presence of
dipoles and prismatic loops. The presence of one-end closed
dipoles and loops suggests that these loops evolved from
dipoles that have pinched off. Such dipoles evolve from super-
jogs pinning the movement of screw dislocations.

6 The rapid drop in strength at high temperatures (> 1000°C) was
accompanied by a significant loss in work-hardening and is at-
tributed to dynamic recovery.

7 Lastly, it appears that if ternary Mo-rich Mo-Si-B multiphase al-
loys are carefully processed to restrict the Si in solid solution
(i.e. avoid significant supersaturation), and if the volume frac-
tion and distribution of the intermetallic phases are controlled,
there is potential to have alloys that exhibit reasonable damage
tolerance at temperatures as low as 300°C.
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